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ABSTRACT
Galaxies that abruptly interrupt their star formation in < 1.5 Gyr present recognizable features in their spec-
tra (no emission and Hδ in absorption) and are called post starburst (PSB) galaxies. By studying their stellar
population properties and their location within the clusters, we obtain valuable insights on the physical pro-
cesses responsible for star formation quenching. We present the first complete characterization of PSB galaxies
in clusters at 0.04< z< 0.07, based on WINGS and OmegaWINGS data, and contrast their properties to those
of passive (PAS) and emission line (EML) galaxies. For V < 20, PSBs represent 7.2±0.2% of cluster galaxies
within 1.2 virial radii. Their incidence slightly increases from the outskirts toward the cluster center and from
the least toward the most luminous and massive clusters, defined in terms of X-ray luminosity and velocity
dispersion. The phase-space analysis and velocity dispersion profile suggest that PSBs represent a combination
of galaxies with different accretion histories. Moreover, PSBs with the strongest Hδ are consistent with being
recently accreted. PSBs have stellar masses, magnitudes, colors and morphologies intermediate between PAS
and EML galaxies, typical of a population in transition from being star forming to passive. Comparing the frac-
tion of PSBs to the fraction of galaxies in transition on longer timescales, we estimate that the short timescale
star-formation quenching channel contributes two times more than the long timescale one to the growth of the
passive population. Processes like ram-pressure stripping and galaxy-galaxy interactions are more efficient
than strangulation in affecting star formation.
Subject headings: galaxies: clusters: general - galaxies: evolution - galaxies: formation - galaxies: star forma-
tion
1. INTRODUCTION
The galaxy population can be thought of as bimodal, with
star forming late-type galaxies populating the so-called blue
cloud and passive early-type galaxies preferentially found in
the red sequence (Blanton et al. 2003; Kauffmann et al.
2003, 2004; Baldry et al. 2004; Balogh et al. 2004; Brinch-
mann et al. 2004). This bimodality is strongly correlated
with the environment, with many studies pointing out a well
established morphology-density relation holding in both clus-
ters and the field: the higher the projected surface density of
galaxies within an area, the higher is the fraction of early types
and the lower is the fraction of late types (e.g. Dressler 1980;
Dressler et al. 1997; Baldry et al. 2004; Fasano et al. 2015).
This piece of evidence indicates a role of the environment in
shaping galaxy properties.
The detection of a conspicuous population of star forming
galaxies in the core of rich and dense clusters at z∼0.5, but ab-
sent today (Butcher & Oemler 1984), was the first discovery
of a strong decline in star formation with time. Subsequently,
several studies (e.g. Poggianti et al. 1999; Cooper et al. 2008)
have shown the influence of high density environments on the
formation and evolution of galaxies. In an evolutionary sce-
nario in which clusters form and grow through the accretion
of field galaxies, these findings suggest that there should be
some active mechanisms able to halt the star formation in
infalling galaxies. Several authors proposed many different
mechanisms able to shut down star formation in high-density
regions; examples include ram-pressure stripping (Gunn &
Gott 1972), high speed galaxy encounters (galaxy harass-
ment; Moore et al. 1996), galaxy-galaxy mergers (Mihos
& Hernquist 1994), and removal of the warm and hot halo gas
(strangulation; Larson, Tinsley & Caldwell 1980; Balogh,
Navarro & Morris 2000). Recently, Dressler et al. (2013)
proposed that cluster galaxies could be transformed via group
pre-processing, during the fall-in group phase.
Valuable insights to understand how the star-forming pop-
ulation turns passive can be obtained by studying galaxies
that appear to have intermediate properties and may be in the
act of transitioning between the two main galaxy populations.
This transition can occur on different time scales depending
on the main process inducing the transformations (Wetzel et
al. 2013; Mok et al. 2013; Schawinski et al. 2014; Wheeler
et al. 2014; Vulcani et al. 2015; Paccagnella et al. 2016).
However, a clear picture describing the reasons why galaxies
turn into passive following different paths and the properties
of these galaxies is still lacking.
Dressler & Gunn (1982), investigating cluster galaxies at
intermediate redhsifts, found a large number of spectra show-
ing strong Balmer absorption lines and no emission and called
them post-starburst galaxies. These features are typical of
stellar populations in which star formation had ended abruptly
within the last 1-1.5 Gyr and therefore should have been af-
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fected by some of the aforementioned processes.
Since then, extensive spectrophotometric modeling (Couch
& Sharples 1987; Newberry, Boroson & Kirshner 1990; Pog-
gianti & Barbaro 1996; Abraham et al. 1996; Poggianti &
Barbaro 1997; Bekki, Shioya & Couch 2001; Poggianti 2004)
has found that the presence of strong hydrogen lines in ab-
sorption and the concomitant absence of emission lines, in-
dicating no ongoing star formation, can be explained roughly
decomposing the spectra into a combination of K giant star
(or early type galaxy) spectrum and an A star spectrum, Such
decomposition is at the origin of the name "k+a", often used to
describe post-starburst galaxies. In general, A type stars - i.e.
new born stars formed within the last 1 Gyr whose spectra are
characterized by strong Balmer absorption lines - dominate
the light of a galaxy about 0.5 Gyr after star formation stopped
and leave their signature on the spectra visible for 1-1.5 Gyr.
In contrast, O and B stars - more massive stars that die very
quickly and emit the energetic photons able to ionize the gas
and produce emission lines - have no or very little contribu-
tion. This combination can appear as a result of a star-bursting
episode observed shortly after the star formation has stopped
(for those galaxies with the strongest Balmer lines), or as a
consequence of normal star formation that has been abruptly
ended. Moreover, since A type stars have known lifetimes,
the evolution of this population can be used as a quenching
clock.
The reason why post-starburst galaxies underwent an
episode of star formation that was abruptly stopped is still
matter of debate; any of the mentioned quenching mecha-
nisms acting on a short time scale could trigger a starburst
and cease star formation, producing a k+a spectra. Impor-
tant hints for solving this matter come from the study of the
galaxy environments as different quenching mechanisms play
different roles in different environments.
Galaxy mergers could be the dominant mechanism in the
field at low-z, where recent studies found a significant frac-
tion of post starburst galaxies (Bekki, Shioya & Couch 2001;
Quintero et al. 2004; Blake et al. 2004; Goto 2005; Hogg et
al. 2006; Mahajan 2013), but they are less effective in clus-
ters, due to the high velocity dispersions.
The origin of k+a galaxies in clusters is more probably re-
lated to the interaction of the infalling population with the
hot and dense intra cluster medium (ICM). Indeed, as sug-
gested by Dressler & Gunn (1982); Couch & Sharples (1987);
Dressler & Gunn (1992); Poggianti et al. (1999); Tran et al.
(2003, 2004, 2007); Poggianti et al. (2009), the interaction
of a gas rich galaxy with the hot high-pressure ICM via ram-
pressure stripping might trigger a starburst and then clear the
disk of neutral gas stopping star formation. The most strik-
ing evidence for this is perhaps in the Coma cluster, where
the position of young post-starburst galaxies is strongly cor-
related with strong X-ray temperature gradients (Poggianti
2004). While this picture is corroborated by observations of
high and intermediate redshift clusters (Poggianti et al. 1999;
Muzzin et al. 2014), in the local Universe several works (e.g.
Blake et al. 2004; Goto 2005) found that post starburst galax-
ies prefer low density environments and thus asses that cluster
specific processes are not likely to be the dominant source of
fast quenching. Nonetheless, the few studies that investigated
the fraction and properties of the local post-starburst cluster
population (e.g. Caldwell & Rose 1997; Poggianti 2004; Fritz
et al. 2014) found evidence of truncated star formation in
a significant fraction of cluster members. A complete cen-
sus of post-starburst galaxies in clusters and a homogeneous
comparison with the field population is however still lacking.
The main reasons are the paucity of the cluster samples stud-
ied and the different selection criteria adopted in these studies
that do not allow fair intra-sample comparisons. In addition,
local post starburst galaxies are often selected without con-
straints on the Hα line, to allow for direct comparisons with
high redshift samples, where generally the spectral coverage
does not allow to reach the Hα emission. However, as shown
by Goto et al. (2003) and Blake et al. (2004), such selections
suffer from high levels (≈ 50%) of contamination from Hα
emitting galaxies.
However, most E+A galaxies at low redshift are located in
the field and represent a very low fraction of the overall galaxy
population (0.2 per cent; Zabludoff et al. 1996). The rarity of
E+A galaxies at low redshift means that samples can only be
constructed from large galaxy redshift surveys. As a result,
very few local (v < 5000 km sâL´Š1) examples of field E+As
are known.
In this work, we exploit a sample of galaxies in clusters
drawn from the WIde-field Nearby Galaxy-cluster Survey
(WINGS) (Fasano et al. 2006; Moretti et al. 2014), and
OmegaWINGS surveys (Gullieuszik et al. 2015; Moretti et
al. 2017). The combination of the two projects allows us to
study the properties of ∼ 10000 member galaxies in an ho-
mogeneous sample at 0.04< z< 0.07. This dataset is unique,
as none of the other low-z surveys investigate a large sam-
ple of clusters and cluster galaxies in such detail. Thanks to
the wide area covered by OmegaWINGS (∼ 1deg2), we can
investigate cluster members well beyond the cluster virial ra-
dius and link clusters with the surrounding population and the
field that have been proved to be essential for understanding
galaxy transformations (Lewis et al. 2002; Pimbblet et al.
2002; Treu et al. 2003; Moran et al. 2007; Marziani et al.
2016).
We investigate the occurrence and properties of post star-
burst galaxies in 32 clusters and compare them to those of
passive and star forming galaxies. Trends are investigated as
a function of both clustercentric distance and global cluster
properties, i.e. cluster velocity dispersion and X-ray luminos-
ity. Aim of this analysis is to shed light on the processes acting
on these galaxies and the time scale needed to transform from
one type to the other.
The paper is organized as follows. Section 2 presents the
dataset and the main galaxy properties; Sec. 3 summarizes
the spectroscopic classification; Sec. 4 presents the data sam-
ple. Section 5 presents our results, focusing on the analysis of
the post starburst galaxy population and comparing it to the
complementary samples of star-forming and passive galax-
ies. Morphologies, spatial distributions, and dependencies on
global cluster properties are inspected. Finally, we discuss our
results in Sec. 6 and conclude in Sec. 7.
Throughout the paper, we adopt a Salpeter (1955) initial
mass function in the mass range 0.15-120 M. The cos-
mological constants assumed are Ωm = 0.3, ΩΛ = 0.7 and
H0 = 70 km s−1 Mpc−1.
2. DATASET AND GALAXY PROPERTIES
We base our analysis on the WIde-field Nearby Galaxy-
cluster Survey (WINGS) (Fasano et al. 2006; Moretti et al.
2014), a multi-wavelength survey of 76 clusters of galaxies
with 0.04 < z < 0.07 X-ray selected from ROSAT All Sky
Survey data (Ebeling et al. 1996, 1998, 2000), and from its
recent extension, OmegaWINGS, that includes new observa-
tions for 46 of these clusters (Gullieuszik et al. 2015; Moretti
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et al. 2017). The cluster samples cover a wide range of ve-
locity dispersion (σcl ∼500-1300 km/s) and X-ray luminosity
(LX ∼ 0.2−5×1044 erg/s).
The WINGS survey is mainly based on optical B, V imag-
ing (Varela et al. 2009) that covers a 34′× 34′ field of view,
corresponding to at least about a clustercentric distance of
0.6R200. R200 is defined to be the radius delimiting a sphere
with interior mean density 200 times the critical density and
is used as an approximation for the cluster virial radius. The
survey has been complemented by a spectroscopic survey for
a subsample of 48 clusters, obtained with the spectrographs
WYFFOS@WHT and 2dF@AAT (Cava et al. 2009), by a
near-infrared (J, K) survey for a subsample of 28 clusters ob-
tained with WFCAM@UKIRT (Valentinuzzi et al. 2009),
and by U broad-band and Hα narrow-band imaging for a sub-
sample of 17 clusters, obtained with wide-field cameras at dif-
ferent telescopes (INT, LBT, Bok) (Omizzolo et al. 2014).
OmegaWINGS extends the WINGS survey in terms of clus-
ter spatial coverage: OmegaCAM/VST imaging in the u, B,
and V bands have been obtained for 45 fields covering 46
WINGS clusters over an area of ∼1 deg2 (Gullieuszik et al.
2015), thus allowing us to investigate trends well beyond the
virial radius and connect clusters with the surrounding pop-
ulation and the field. The spectroscopic follow-up has been
obtained for a subsample of 33 clusters with the 2dFdr@AAT
(Moretti et al. 2017).
The target selection was similar for the two surveys (Cava
et al. 2009; Moretti et al. 2017). It was based on the avail-
able optical B, V photometry (Varela et al. 2009; Gullieuszik
et al. 2015) and aimed at maximizing the chances of ob-
serving galaxies at the cluster redshift without biasing the
cluster sample. Targets were selected to have a total mag-
nitude brighter than V = 20, excluding only those well above
the color-magnitude sequence with B−V > 1.20. These cri-
teria minimize the contamination from background galaxies
and include all galaxies on and below the red sequence up to
z∼ 0.08.
Combining the data of the two surveys, the final spec-
troscopic sample consists of 22674 spectra in 60 clusters
(Moretti et al. 2017).
To measure spectroscopic redshifts, we adopted a semi-
automatic method, which involves the automatic cross-
correlation technique and the emission lines identification,
with a very high success rate (≈ 95% for the whole sample,
see Cava et al. 2009 and Moretti et al. 2017. The mean
redshift zcl and the rest frame velocity dispersion σcl of each
cluster were derived using the biweight robust location and
scale estimators (Beers, Flynn & Gebhardt 1990) and apply-
ing an iterative 3σ clipping. Galaxies were considered cluster
members if they lie within 3σcl from the cluster redshift. R200
was computed from σcl following Poggianti et al. (2006) and
used to scale the distances from the Brightest Cluster Galaxy
(BCG).
The spectroscopic catalog has been corrected for both ge-
ometrical and magnitude incompleteness, using the ratio of
number of spectra yielding a redshift to the total number of
galaxies in the parent photometric catalog, calculated both as
a function of V magnitude and radial projected distance from
the BCG.
Galaxy properties have been derived by fitting the fiber
spectra with SINOPSIS (SImulatiNg OPtical Spectra wIth
Stellar population models), a spectrophotometric model fully
described in Fritz et al. (2007, 2011, 2014). It is based on a
stellar population synthesis technique that reproduces the ob-
served optical galaxy spectra. All the main spectrophotomet-
ric features are reproduced by summing the theoretical spec-
tra of simple stellar populations of 12 different ages (from 3
×106 to approximately 14×109 years).
The code provides estimates of star formation rates (SFRs),
stellar masses (M∗), both observed and absolute model mag-
nitudes and measures of observed equivalent widths (EWs)
for the most prominent spectral lines, both in absorption and
in emission. Magnitudes were computed by convolving the
filters response curves with the spectrum.
Due to the configuration of the 2dFdr spectrograph, which
is a dual-beam system with two arms overlapping around
5700 Å, for each object observed with this instrument we ob-
tained two spectra, hereafter called red and blue, which are
spliced into the full final spectrum. Despite the quite extended
overlap, the region of the spliced spectrum often results quite
noisy, due to normalization issues.
While none of the lines used in our analysis (see sect.3) fall
in the spliced region, the SFRs and mass estimates in such
region might be significantly affected by noise, therefore, we
fit the continuum only on the blue part of the spectra, ranging
from about 3600 Å to 5700 Å.
Hereafter, we will use stellar masses locked into stars, in-
cluding both those that are still in the nuclear-burning phase,
and remnants such as white dwarfs, neutron stars and stellar
black holes.
We note the SINOPSIS is fed with fiber spectra,1 therefore
all the galaxy properties suffer from aperture effects. The fiber
diameters were 2.16′′ (AAT) and 1.6′′ (WHT), therefore the
spectra cover only the central 1.3 to 2.8 kpc of our galaxies
depending on the cluster redshift, (see Cava et al. (2009)
for details), which correspond to approximately half the typ-
ical effective diameter of WINGS galaxies.2 To recover the
galaxy-wide integrated properties, all the derived quantities
have been scaled from the fiber to the total magnitude, using
the ratio of total to aperture fluxes.
For the WINGS sample, morphological types were derived
from V-band images using MORPHOT, an automatic tool for
galaxy morphology, purposely devised in the framework of
the WINGS project (Fasano et al. 2012). MORPHOT extends
the classical CAS classification using 20 different morpho-
logical diagnostics and assigns a morphological type (MOR-
PHOT type, TM) to each galaxy from -6 (cD) to 11 (irregu-
lars). The morphological classification of the OmegaWINGS
sample is currently underway (Fasano et al. in prep.). For our
purposes, one of us (G.F.) visually classified the morphologies
of the post starburst galaxies in our sample (see §4) that are
not in the original WINGS sample, by inspecting the V-band
images.
In the following, we will consider three main morpholog-
ical classes: ellipticals (−5 ≤ TM < −4.25), S0s (−4.25 ≤
TM ≤ 0) and late-types (TM > 0).
3. THE SPECTRAL CLASSIFICATION
Focus of this paper is the characterization of the properties
of galaxies showing different features on their spectra, there-
fore we rely on the measure of the EWs provided by SINOP-
SIS. We convert the observed EWs in rest frame values, sim-
ply dividing the measurements by (1 + z) and we adopted the
1 Fibers are centered on the source emission profile with an accuracy that
is equal or better than 0.1′′ (see Gullieuszik et al. 2015).
2 Effective radii were computed with GASPHOT by D’Onofrio et al.
(2014); the median value of the circularized effective radius is ∼1.7±0.2
kpc.
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TABLE 1
CLUSTER SAMPLE: GLOBAL PROPERTIES
Cluster z Nmem σcl R200 log(LX )
km s−1 Mpc 1044 erg s−1
A1069 0.0651 130 695 ±55 1.67 43.98
A151 0.0538 248 738 ±32 1.78 44.0
A1631a 0.0465 369 760 ±29 1.84 43.86
A168 0.0453 141 547 ±38 1.32 44.04
A193 0.0484 101 764 ±58 1.85 44.19
A2382 0.0639 322 698 ±30 1.67 43.96
A2399 0.0577 291 730 ±35 1.75 44.0
A2415 0.0578 194 690 ±38 1.66 44.23
A2457 0.0587 249 680 ±37 1.63 44.16
A2717 0.0498 135 544 ±47 1.32 44.0
A2734 0.0618 220 781 ±49 1.88 44.41
A3128 0.0603 480 839 ±29 2.02 44.33
A3158 0.0594 357 1024 ±37 2.46 44.73
A3266 0.0596 678 1319 ±40 3.17 44.79
A3376 0.0463 263 845 ±42 2.04 44.39
A3395 0.0507 369 1206 ±55 2.91 44.45
A3528 0.0545 262 1017 ±46 2.45 44.12
A3530 0.0549 275 674 ±39 1.62 43.94
A3556 0.048 359 669 ±35 1.62 43.97
A3558 0.0486 442 1003 ±34 2.42 44.8
A3560 0.0491 283 840 ±35 2.03 44.12
A3667 0.0558 386 1011 ±42 2.43 44.94
A3716 0.0457 327 849 ±27 2.05 44.0
A3809 0.0626 244 554 ±38 1.33 44.35
A3880 0.058 216 688 ±56 1.66 44.27
A4059 0.049 229 752 ±38 1.82 44.49
A500 0.0682 227 791 ±44 1.89 44.15
A754 0.0545 338 919 ±37 2.22 44.9
A85 0.0559 172 982 ±55 2.37 44.92
A957x 0.0451 92 640 ±47 1.55 43.89
A970 0.0589 214 844 ±49 2.03 44.18
IIZW108 0.0486 171 612 ±38 1.48 44.34
NOTE. — Columns: (1) cluster name, (2) cluster mean redshift, (3) num-
ber of member galaxies (used to compute mean redshift and velocity dis-
persion as explained in the text), (4) cluster velocity dispersion with errors,
(5) R200 in Mpc, (6) logarithm of the X-ray luminosity (from Ebeling et al.
(1996)).
usual convention of identifying emission lines with negative
values of the EWs and absorption lines with positive ones.
Fritz et al. (2007) found that both absorption and emis-
sion lines are reliably measured by SINOPSIS in spectra with
S/N>3, calculated across the whole spectral range. In spec-
tra with S/N<3, noise can be misinterpreted as an emission.
This happens especially for the [OII] emission line, which is
located in a spectral range where the hydrogen lines of the
Balmer series (in absorption) crowd. It is hence possible that
a peak between two such absorption lines is misinterpreted
as an [OII] emission. In spectra with S/N ≤ 3, the EW of
the [OII] is ≥−2Å, and we use this value as threshold above
which measurements are considered unreliable. In our sam-
ple, the average S/N, calculated for the whole spectral range,
is ∼ 12. 2% of the spectra have S/N <3, therefore they are
only a negligible fraction.
Based on the spectral classification originally proposed by
Dressler et al. (1999) and Poggianti et al. (1999) and more
recently updated by Fritz et al. (2014), we subdivide our
sample into three classes, according to the rest frame EWs of
[OII] and Hδ, which are good indicators of current and recent
star formation. When the [OII] is not detected, the equiva-
lent width of [OIII] and Hβ are also used. Differently from
Fritz et al. (2014), our spectral classification exploits also the
information on the Hα line: all spectra showing Hα in emis-
sion are directly classified as emission line galaxies, regard-
less of the other lines. In this way we obtain a more robust
classification, ensuring that there is no current star formation,
in both the passive and post-starburst samples. The detailed
description and the physical interpretation of this classifica-
tion is discussed by Poggianti et al. (1999, 2009) and Fritz et
al. (2014). Briefly, spectra with any of the aforementioned
emission lines belong to galaxies in which the star forma-
tion is taking place, and will thereafter be called emission
line galaxies (EML). Spectra with no emission lines, includ-
ing Hα, are divided based on the strength of Hδ: k spectra,
normally found in passively evolving elliptical galaxies, re-
sembling those of K-type stars, with weak Hδ in absorption
(Hδ<3 Å), and k + a and a + k spectra, displaying a combi-
nation of signatures typical of both K and A-type stars with
strong Hδ in absorption (respectively 3<Hδ < 8 and Hδ > 8).
The former (k-type) will be thereafter called passive galaxies
(PAS), the latter (both k + a and a + k) post starburst galaxies
(PSB).
We note that, among the PSBs, the strength of Hδ is indica-
tive of the initial condition associated with the main quench-
ing event. Indeed an Hδ > 6 Å can be explained only if a burst
of star formation involving high mass fractions (10-20%) hap-
pened prior to the sudden quenching. Galaxies showing this
feature are caught in an early phase of transition (Goto 2004).
In contrast, spectra with a moderate Hδ line could be both the
result of the truncation of star formation in a normal star form-
ing galaxy (thus no burst is required) or a late stage of evolu-
tion of the proper post-starburst galaxies. Broadly speaking,
while all PSB galaxies with strong Hδ will later turn into PSBs
with moderate Hδ, the opposite is not true. Therefore, we will
sometimes discuss also the strong PSB (Hδ > 6 Å, hereafter
sPSB) separately.
The automatic classification has been visually confirmed.
Upon inspection, we noticed that in a number of cases the
code had mis-identified emission lines (oxygen forbidden
lines and Hβ), measuring noise rather than real emission. The
[OII] emission line, by coincidence, is located in a critical re-
gion of our spectra, being in the shortest wavelength regime
covered by the spectrograph that often result quite noisy (see
Smith et al. 2004). Moreover, we found that, in most cases,
the Hβ and [OIII] emissions were mis-identified in spectra
showing only one emission line.
We visually inspected all the spectra where only one emis-
sion line was detected and, if necessary, changed the galaxy
spectral type. Furthermore, we checked all the k +a and a+k
candidates and excluded those with undetected emission lines,
remeasured the Hδ EW for those with an automatic measure
higher than 5 Å or with a comparable uncertainty.
As already discussed in the previous section, we note that
due to the limited size of the fiber diameter, we classify
galaxies based on the spectra targeting only the central re-
gion of galaxies. The aperture bias could in principle lead to
a misclassification of galaxies that may have remaining star-
formation activity outside the fiber.
4. DATA SAMPLE
One of the main focus of this paper is the occurrence of PSB
galaxies as a function of clustercentric distance; in particular
we want to investigate the role of the cluster environment also
beyond the virial radius. We therefore restrict our analysis to
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the clusters covered also by the OmegaWINGS observations.
Among these, only the 32 clusters with a global spectroscopic
completeness higher than ≈ 50% are used. The final cluster
sample is presented in Table 1.
Galaxies belonging to the final sample have a V magnitude
brighter than 20.
In our analysis, we neglect the contribution from Active
Galactic Nuclei (AGN). As pointed out by Alatalo et al.
(2016), this choice could bias our results in the sense that
galaxies in which emission lines are not linked to the star
formation process, but are excited by the AGN mechanism,
are excluded from the post-starburst sample. Nonetheless,
Guglielmo et al. (2015), analyzing a mass limited sample
extracted from the original WINGS survey, estimated that the
AGN contribution in the star forming galaxy population is ap-
proximately 1.6% and we estimate that this fraction will not
remarkably change in our sample. Thus, including these ob-
jects in the emission line galaxy population should not consid-
erably affect our results. A more detailed analysis of emission
line galaxies and their classification as star forming galaxies,
transition objects and active galactic nuclei for the WINGS
sample is presented by Marziani et al. (2016).
The main sample consists of cluster members within
1.2R200 from the BCG, a distance that is reached by almost all
the selected clusters (90%). We exclude galaxies at larger dis-
tances (the maximum radial coverage is approximately 2 R200
for member galaxies) because these all belong to clusters with
very low velocity dispersion, so they might be a biased popu-
lation non representative of the general one. We also exclude
BCGs, which are a peculiar population (e.g. von der Linden
et al. 2007; Fasano et al. 2010, and references therein).
Non-cluster member galaxies with 0.035< z< 0.08 consti-
tute our field control sample, used for reference.
The final sample consists of 7824 cluster galaxies and 1163
field galaxies (respectively 14660 and 2110 galaxies, once
weighted for incompleteness, see Cava et al. 2009, for a
detailed explanation). The number of EML, PAS and PSB
galaxies in the different environments is given in Table 2 and
discussed below.
5. RESULTS
In this section we present our results. We will first inves-
tigate the occurrence and the galaxy properties of the differ-
ent spectral types (e.g. stellar masses, magnitudes, colors and
morphologies), then we will investigate trends as a function
of both clustercentric distance and the level of substructures
in clusters. We will also focus on the position of the galaxies
on the phase space and characterize the role of global cluster
properties, i.e. cluster velocity dispersion and X-ray luminos-
ity, in driving trends. Aim of our analysis is to shed light
on the processes that induce a truncation of the star forma-
tion on short time scales and give rise to the existence of the
PSB galaxies. Given our interest in this population, in Fig.
1 we show the composite spectrum of our PSBs, to visualize
the main features of this population. The composite spectrum
is obtained by summing the spectra of all the PSB galaxies
in the cluster sample, after normalizing each spectrum by its
mean value. The measured rest frame EW(Hδ) is greater than
4 Å, the other Balmer lines are well visible and no emission
is detected.
5.1. Properties of the different galaxy populations
Table 2 presents the incidence of the different spectral types
in clusters and in the field. PAS galaxies dominate the galaxy
population in clusters, being 55.7±0.4% of all galaxies, while
EML galaxies are 37.0±0.4% of all members. In the field,
the contribution of the PAS and EML populations is reversed:
nearly the 80% of field galaxies show sign of ongoing star
formation, while less than 20% are PAS. The fraction of PSB
galaxies is significantly higher in clusters than in the field:
7.2±0.2% vs 1.3±0.2%. We note that our field sample might
actually be biased towards galaxies belonging to filaments or
structures falling into the main cluster, but we are not able to
separate them. Furthermore, there are only 15 PSBs in the
field, therefore the statistics in this environment is too poor
to draw any conclusion. A more complete analysis of PSB
galaxies in the field in the local universe, based on a different
sample, is currently underway (Paccagnella et al in prep.).
The relevance of the PSB cluster population is even more
striking considering their fraction relative to the active popu-
lation, which includes galaxies that are (EML) or have been
(PSB) star-forming within the last 2 Gyr. The PSB to active
fraction gives the “quenching efficiency" (see Poggianti et al.
2009) that is the efficiency in truncating the star formation in
star-forming galaxies. PSB galaxies represent 16.3±0.5% of
the cluster active population, in agreement also with the high
redshift fractions derived by Poggianti et al. (2009), while
they make up for less than 2% in the field. Hence, clusters are
far more efficient than the field in shutting off star formation
in galaxies on a very short time scale.
Stellar mass and absolute V magnitude (MV ) weighted dis-
tributions for galaxies of the different spectral types are pre-
sented in Fig. 2. The spectral classification, going from PAS
to PSB, to EML galaxies, turns out to be, in both environ-
ments, a sequence of decreasing mean galaxy mass and in-
creasing mean MV . EML galaxies dominate the low mass/low
luminosity tails of the distributions, while the contribution of
the PAS population becomes more important going toward
higher masses and luminosities. In order to test if the mass
and magnitude distributions of the three populations are sig-
nificantly different, we perform Kolmogorov-Smirnov (K-S)
test. The results, comparing the distributions of PSBs to PASs
and EMLs and PASs to EMLs, allow us to reject the null hy-
pothesis that these populations are drawn from the same sam-
ple (P-values of the order of 0.0). This picture fits the down-
sizing scenario (Cowie et al. 1996), in which star formation
at higher redshifts was more active in more massive/luminous
galaxies that are the first to turn into passive.
The distributions of the properties of PSB galaxies are in-
termediate between those of the PAS and EML populations.
This is even clearer looking at the median values of the dis-
tributions for cluster galaxies indicated by the black arrows
in Fig. 2 (the median masses are 9.78±0.01, 9.98±0.02
and 10.23±0.1, the median magnitudes are −18.64±0.02,
−18.52±0.04, and −19.09±0.02 for EMLs, PSBs and PASs,
respectively).
Field median values agree, within the standard errors, with
the cluster ones, apparently indicating no strong environmen-
tal dependencies. However, we remind the reader that the field
sample size does not allows us to draw solid conclusions.
The absolute magnitude distribution of PSBs peaks around
MV = −18.5, with a deficit among the brightest galaxies
(MV < −20.5) with respect to both the EML and PAS popu-
lations. These characteristics were already visible in the sam-
ple described in Fritz et al. (2014) and are similar to those of
the post-starburst population in the Coma cluster (Poggianti
2004). In the cluster sample, 14±1% of the PSB galaxies are
classified as sPSB; in the field, only 3/15 PSB galaxies are
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TABLE 2
WEIGHTED SPECTRAL NUMBERS AND FRACTIONS
Galaxy type PAS PSB sPSB EML
N % N % N % N %
Clusters 8162 (4235) 55.7±0.4 1057 (560) 7.2±0.2 154 (80) 1.1±0.3 5441 (3029) 37.0±0.4
Field 415 (225) 19.7±0.8 28 (15) 1.3±0.2 7 (3) 0.3±0.1 1667 (923) 79.0±0.9
NOTE. — Weighted Number (raw numbers in brackets) and percentage of the different spectral types for the magnitude-limited sample weighted for spectro-
scopic incompleteness and considering only galaxies inside 1.2R200. The field sample has no radial limits. The proportion of PAS (k), PSB (k+a/a+k), strong
PSB (the subsample of PSB with EW(Hδ >=6) and EML galaxies are listed along with binomial errors.
FIG. 1.— Rest frame composite spectrum of the post-starburst cluster sample. The inset shows a zoom in of the spectral region around Hδ.
FIG. 2.— Number of cluster (solid) and field (dashed) galaxies in the three main spectral types as a function of stellar mass (left panel) and absolute V
magnitude (right panel). Dark green histograms in the middle panels show the sPSB subsample. Arrows indicate the median value for each type. Errors are
poissonian (Gehrels 1986).
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FIG. 3.— Rest-frame (B−V )-V relation for cluster galaxies of the differ-
ent spectral types. Red-solid and blue-dashed contours: number densities of
PAS and EML galaxies, respectively. Green dots: PSB; black dots: sPSB.
The black line represents the selection limit we adopt to select red and blue
galaxies.
sPSB, making any conclusion statistically meaningless.
sPSB galaxies (dark green histograms in Fig. 2) span a
narrower range of both absolute magnitude (MV > −19) and
stellar mass (logM∗<10.5) missing the high mass tail and lu-
minosity. This suggests that only the least massive/luminous
PSB galaxies undergo a phase of sPSB, and confirms the hy-
pothesis that while all the sPSB galaxies will age and evolve
into moderate PSB galaxies, not all PSBs have experienced
the sPSB phase.
Figure 3 shows the absolute rest-frame color-magnitude di-
agram ((B−V ) vs MV ) for cluster galaxies of the different
spectral classes.3 To subdivide galaxies into red and blue, we
consider the color-magnitude red sequence of each WINGS
cluster given in Valentinuzzi et al. (2011). We use the av-
erage value of the slope across all clusters and fix the quote
1σ below the average red sequence. Galaxies whose color lie
above
(B−V )r f =−0.045×V −0.035
(black heavy line in Fig. 3) are assigned to the red sequence,
the rest to the blue cloud.
As expected, most of PAS galaxies present red col-
ors (73.3±0.5%), while EML galaxies are preferably blue
(75.2±0.6%). Also the majority of PSB and sPSB galax-
ies have red colors (73±1% and 59±4%, respectively), even
though the fraction of PSBs with blue colors is not negligible.
This finding supports the idea that fast quenching of star for-
mation immediately brings the galaxies to the red sequence,
but also that a pure color-based selection is unable to uniquely
distinguish between passive, star forming and galaxies that
recently interrupted their star formation. Therefore a detailed
spectral analysis is necessary to recognize the different galaxy
sub-populations.
According to the picture we described above, one would
expect sPSB galaxies to have bluer colors than the rest of the
PSBs (see, e.g., Poggianti 2004). Figure 3 shows that this
seems not to be the case in our sample. This results might be
3 We recall that absolute magnitudes and rest-frame colors were computed
on the fiber spectrum and are given by the spectrophotometric model con-
volving the filters response curves with the spectrum.
TABLE 3
WEIGHTED MORPHOLOGICAL PERCENTAGES OF PSB GALAXIES
E S0 LT
% % %
PSB 28±1 45±2 27±1
sPSB 17±3 41±4 42±4
NOTE. — Morphological percentages for the PSB and sPSB samples
weighted for spectroscopic incompleteness. Errors are binomial.
due to the fact that, at low redshift, most of the stars in galax-
ies are old, and, as soon as the star formation is switched off,
the galaxy becomes quickly red as the old stars dominated the
integrated light. An alternative explanation could be the pres-
ence of dust. As already discussed in Poggianti et al. (1999),
the assumption that the progenitors of PSB galaxies are dusty
starburst objects entails that dust reddening might affect also
the post-starburst class. We tested this hypothesis by exploit-
ing the average extinction values given by SINOPSIS and no
trend with the EW of Hδ was found. This result might sug-
gests that either sPSB galaxies are not more obscured than
PSBs, or that the real EW values in absence of dust obscura-
tion should be higher and that our EW estimates have to be
considered as lower limits.
5.2. Morphologies
The analysis of the morphologies of PSBs can shed light on
the typical properties of this population. Table 3 presents the
percentage of galaxies of different morphological types for
the whole PSB sample. 45±2% of the galaxies are classified
as S0s, while the remaining sample is evenly divided between
ellipticals (28±1%) and late-types (27±1%).
Considering only sPSB galaxies, while the fraction of S0s
does not change within the errors (41±4%), that of late types
and elliptical does: the former represent 42±4% of the total
population, the latter 17±3%.
Several reasons might be at the origin of such different
morphological distribution between the two samples. The
larger fraction of late-types among sPSB galaxies than among
PSBs agrees with the hypothesis that these are younger ob-
jects in which the original disk structure has not yet been
changed. Together with mass and luminosity distribution of
sPSB galaxies (Fig. 2), this morphological mix could also in-
dicate that the process responsible for the strong burst needed
to create the observed spectral features is more effective on
less massive galaxies with an high fraction of gas at the mo-
ment of infalling. As an alternative, invoking only ram pres-
sure stripping as the main process responsible for the produc-
tion of both PSB and sPSB galaxies, the observed morpholo-
gies could simply reflect the properties of the infalling popu-
lation. We remind the reader that at low redshifts, the amount
of gas necessary to produce a burst of star formation as a con-
sequence of the interaction of the galaxy with the ICM, via
ram pressure stripping, is mostly located in low-mass late-
type systems while more massive galaxies are mostly early-
types and gas deficient (Mahajan 2013).
Similarly to the analysis of galaxy colors, the analysis of the
morphologies shows that the majority of PSB galaxies cannot
be recognized when using just a morphological classification,
but a detailed spectral analysis is necessary.
5.3. Spatial distribution of the different spectral types
In the previous sections, we have shown that low-z clusters
host a much larger fraction of post-starburst galaxies than the
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FIG. 4.— Ratio of post-starburst to active galaxies (top panels) and ratio of
post-starburst, passive and emission line galaxies to the total (bottom panels)
as a function of R/R200. Points with error bars represent cluster fractions,
dashed lines give the trends of the respective fractions in two bins of veloc-
ity dispersion σ (σ < 840km/s -short dashed lines- and σ > 840km/s -long
dashed lines). Errors are binomial (Gehrels 1986).
field, pointing towards a cluster-specific origin of the major-
ity of this class of objects. To differentiate among possible
quenching processes that can suddenly truncate the star for-
mation in clusters, we now investigate the radial distribution
of the different spectral classes. Overall, the clustercentric
distance is a good tracer of the cluster density profile, is re-
lated with the time since infall into the cluster (Goto 2004),
and is an approximate timescale sensitive to processes occur-
ring on times of the order of a few Gyr. Processes which
quench star formation gradually, such as stangulation, would
induce radial gradients while processes acting on short time
scales, e.g. ram pressure stripping, are more likely to cause
distinctive signatures at the radii where they are most effec-
tive.
The bottom panel of Fig. 4 shows the incidence of each
galaxy population (PAS, EML, PSB) as a function of cluster-
centric projected distance, in units of R/R200.
As mentioned in Sec. 4, we limit our analysis to 1.2R200,
not to bias our results towards the clusters with low values
of velocity dispersion. In agreement with previous results,
(Weinmann et al. 2006; von der Linden et al. 2010; Vulcani
et al. 2015) we find a pronounced relation between distance
from the cluster center and the composition of the galaxy pop-
ulation. PAS galaxies dominate the inner regions (∼70% at
R < 0.4R200), and their fraction decreases going outward of a
factor of ∼2.5. In contrast, the fraction of EML galaxies is
∼ 60% at large clustercentric distances and rapidly declines
towards the cluster center of a factor of 4. Despite their rel-
atively small incidence, also the fraction of PSB galaxies de-
pends on clustercentric distance, and their trend follows that
of PAS: in the cluster cores PSBs are ∼1.7 as numerous as
PSBs in the outskirts.
The upper panel of Fig. 4 shows the quenching efficiency
(PSB/(PSB + EML)) as a function of the clustercentric dis-
tance. In the cluster cores, the ratio is ∼ 35%, indicating that
even in these regions EMLs dominate the active population.
The fraction decreases of a factor of 3 from the cluster cen-
ter to 0.6R200, while it is almost constant in the outer regions
(R/R200>0.7). Also the incidence of sPSBs (dark green sym-
bols in the upper panel of Fig.4) among the active population
increases toward the center, even if with a less steep trend.
These results might arise due to the different proportions in
the population mix as a function of the global environment,
i.e. different cluster halo mass. We therefore consider in Fig.
4 two different cluster velocity dispersion bins, respectively
higher (long dashed line) and lower (short dashed line) than
840 km/s,4 and find that the trends persist and are even more
pronounced in the high cluster mass bin. A more detailed
analysis of the dependence of the post-starburst fraction on
the cluster global properties will be discussed in §5.6.
Considering the PSBs of different morphological types, we
find that overall the incidence of ellipitcals, S0s and late-types
does not change with clustercentric distance, suggesting there
is no morphological segregation for PSBs (plot not shown).
5.4. Substructures
Clusters are generally characterized by the presence of sub-
structures (Ramella et al. 2007; Biviano et al. 2002), which
implies that merging between clusters and groups is a rather
common physical process of cluster formation. This merging
process has been found to affect greatly star formation histo-
ries of member galaxies and to eventually induce secondary
starburst (see Cohen et al. 2014; Bekki 1999; Bekki, Ow-
ers & Couch 2010). The coincidence of the position of the
strongest k+a galaxies and the X-ray substructures in Coma
found by Poggianti (2004) strengthens this scenario.
To check whether the presence of sub-structures alters the
star formation in cluster galaxies, we compute the fractions
of the PSB galaxies belonging to these systems. We use the
catalogs of the WINGS substructures presented by Biviano
et al. (in prep.), who define substructures and assign mem-
ber galaxies to potential substructures exploiting the velocity
distributions of galaxies in the cluster local density peaks.
30.4±0.4% of the member galaxies belong to substructures
and, among these, 6.1±0.4% are PSB galaxies and 0.9±0.2%
are sPSBs. The percentage of the PSBs is slightly lower than
the value found for the same population when considering the
entire galaxy sample (7.2±0.2%). The same conclusion holds
for the fraction of PSB and sPSB galaxies with respect to the
active population. Thus, this type of analysis does not reveal
a strong PSB enhancement in substructures.
We also investigate the fraction of PSB, PAS and EML
galaxies in clusters characterized by different levels of re-
laxation. We use the parameter SUB defined in Biviano
et al. (in prep.) that depends, among other things,
on the fraction of member galaxies belonging to sub-
structures, and consider three types of clusters: relaxed
(SUB = 0), partly relaxed (SUB = 1) and unrelaxed (SUB >
1). In agreement with e.g. Cohen, Hickox & Wegner
(2015) and Biviano et al. (1997), we find a higher/lower
fraction of EML/PAS galaxies in less relaxed clus-
ters than in more-relaxed ones (0.344±0.005/0.580±0.005;
0.408±0.0084/0.522±0.009 and 0.44±0.01/0.50±0.01 for
SUB=0, SUB=1 and SUB> 1, respectively). Even more in-
terestingly, the fraction of PSB galaxies also depends on the
dynamical state of the cluster, following the trend of the PAS
4 The value 840 km/s was chosen to approximately divide the galaxy sam-
ple in 2 equally populated bins.
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FIG. 5.— Observed stacked phase space diagram for cluster members. Clustercentric distances are in units of R200 and the absolute value of the line-of-sight
velocities with respect to the cluster recessional velocities are normalized by the velocity dispersion of the cluster. PSB galaxies are represented by green points,
sPSB galaxies by black points. They are over-plotted to PAS galaxies (left panel, red contours) and to EML galaxies (right panel, blue contours).
population: the PSB/PSB+EML fractions are 0.179±0.006,
0.144±0.009 and 0.12±0.01 for SUB=0, 1 and > 1, respec-
tively. This is the opposite of what might be expected, if merg-
ing clusters were the most favorable environment for PSB
production. Part of this trend might be due to the existence
of the correlation between PSB fraction and LX (Fig. 7), as
the average X-ray luminosity decreases going from more re-
laxed to less relaxed clusters (2.8, 2.7 and 1.3 ×1044 ergs−1
for SUB=0, 1, > 1). Moreover, the most unrelaxed clusters
are in a sense clusters still in the formation process, in which
the galaxy populations are still very similar to the unprocessed
population of galaxies in the merging groups/clusters, there-
fore are still very rich of star-forming galaxies that have not
experienced a massive cluster environment yet.
5.5. Phase space analysis
Many recent papers (Biviano et al. 2002; Haines et al.
2013; Oman, Hudson & Behroozi 2013; Muzzin et al. 2014;
Jaffé et al. 2016) have shown that galaxy populations with
different dynamical histories are well separated in the so-
called phase space, which links the spatial position of a galaxy
in the clusters, in units of R200, and its peculiar velocity,
∆v, normalized by the velocity dispersion of the cluster σ.
Moreover, the theoretical phase-space diagram derived from
cosmological simulations retains information of the epoch of
accretion of a galaxy, that can therefore be estimated based
on the location of the galaxy in the diagram (Haines et al.
2015). The same is unfortunately not possible with observa-
tions, given the large uncertainties that induce the different
populations to overlap on the plane. However, it is still pos-
sible to retrieve important clues about the dynamical histories
of the different galaxy populations in clusters (e.g. Mahajan,
Mamon & Raychaudhury 2011; Oman, Hudson & Behroozi
2013; Muzzin et al. 2014; Hernández-Fernández et al. 2014;
Haines et al. 2015; Jaffé et al. 2015, 2016). Indeed, the
overall distribution of galaxies in the phase space strongly de-
pends on the infall times: galaxies that where accreted earlier
(i.e. virialized galaxies) typically occupy a triangular-shaped
region while the recently accreted or infalling population per-
meates all projected velocities and radii. Combining this ev-
idence with the well-established correlation between galaxy
quiescence and environment, PAS galaxies are expected to
form the majority of the virialized population while EML and
PSB galaxies should belong to the infall or recently accreted
sample.
Figure 5 shows the projected phase space obtained com-
bining all clusters together for the different subpopulations
separately. As expected, PAS galaxies are typically found in
a triangular-shaped virialized region, which corresponds to
the low velocity-low distance area, while EML galaxies are
more spread in both radius and velocity. The PSB popula-
tion, as already discussed, preferentially lie at small cluster-
centric distances (R<0.6R200), exhibiting anyway a non negli-
gible spread in velocity. A 2D K-S test rejects the hypoth-
esis that both PSB and EML and, with a slightly less sig-
nificance, PSB and PAS galaxies are drawn from the same
distribution (P-values respectively of 0.0 and 0.07), suggest-
ing indeed that these populations are in different stages of
their virialization process. The sPSB population can be bet-
ter distinguished in terms of velocity rather than clustercentric
distance: following the general radial trend of PSB galaxies,
these galaxies have slightly higher velocities(median ∆v/σ of
0.67±0.02 and 0.87±0.07 for the PSB and sPSB population,
respectively).
To better quantify the differences between the populations,
modeling the results presented by Haines et al. (2015) for
75 simulated clusters at z= 0.0, Fig. 6 shows the mean nor-
malized line of sight (LOS) velocity dispersion of each sub-
population (σLOS/σ) in six bins of projected radial distance.
The errors are obtained using the classical jackknife technique
(Efron 1982). Due to the low number statistics, the sPSB
sample is divided only in three bins spanning the same radial
range.
By comparison with the analysis of Haines et al. (2015),
the different velocity dispersion profiles can be explained ac-
cording to the dynamical evolution and accretion history of
the galaxy populations. PAS and EML galaxies are well sep-
arated, the former having low LOS-velocity dispersion at all
radii with respect to the latter that displays, especially in the
cluster core, higher values of σ. These trends are best re-
produced by the virialized population, which was accreted
at early epochs (z > 0.4), and by the most recently accreted
and backsplash populations, respectively (Gill, Knebe & Gib-
son 2005) The profile of the PSB population follows the one
traced by the PAS/virialized population, while sPSBs have
remarkably larger velocity dispersions thus belonging to the
more recently accreted population.
These findings well fit the scenario in which the strength
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FIG. 6.— Velocity dispersion profiles (σLOS(r)/σ) of each galaxy popula-
tion; colors refer to the different populations as described in the labels and as
in Fig. 4. Errors are jackknife standard deviations (Efron 1982).
of the EW(Hδ) sets a time line with higher values indicat-
ing a more recent quenching event. If the sPSBs are the
consequence of a star-burst prior to a sudden quenching, the
violent/sudden event that triggers the burst seems to happen
on first infall; moderate PSBs could originate in the same way
but are observed longer time after quenching (Poggianti et al.
2009).
This result moves in the same direction of Muzzin et al.
(2014) who, investigating the location of different classes of
galaxies on the stacked phase space of clusters at z∼1, found
that post-starburst galaxies are commonly found at small clus-
tercentric radii with high clustercentric velocities.
5.6. Dependence of the spectral type fractions on cluster
properties
So far we have shown how the fractions of the different
subpopulations change as a function of the spatial location,
both physical and dynamical, within the clusters.
We now examine if and how the fraction of PSB galaxies
depends on the global properties of the clusters, such as veloc-
ity dispersion and X-ray luminosity, both proxy for the system
total mass. It is still unclear whether or not the cluster mass
affects the amount of observed star formation. For example,
several studies at high and intermediate redshifts (e.g. Finn et
al. 2005; Poggianti et al. 2006) find an inverse correlation
between star formation and cluster mass, while others (e.g.
Popesso et al. 2007) assert that no such correlation exists in
the nearby cluster population.
All our clusters contain galaxies belonging to all the three
main spectral classes, but the population mix in each cluster
is quite different. To assess if these differences arise from
a dependence on the cluster halo mass, for each cluster we
compute the PSB fraction, weighted for completeness, among
all galaxies and among the active population. For this analy-
sis, we restricted the data to an absolute magnitude limited
sample. This should prevent the introduction of possible sys-
tematics related to the selection criteria of the cluster sample.
Member galaxies brighter than MV = −17.4 were selected.
This is the absolute magnitude corresponding to the V = 20
apparent magnitude limit of the most distant cluster.
The results are shown in Fig. 7 where the individual sys-
tems, indicated as black points, are shown as a function of
velocity dispersion (left) and X-ray luminosity (right).
To mark the average trends we group the cluster sample
into five bins of σ and LX with approximately the same num-
ber of galaxies and show the results as red points. Both
fractions (PSB/all and PSB/active galaxies) increase with the
mass of the system, more significantly when we consider
the X-ray luminosity rather than the velocity dispersion. A
Spearman test, which assesses how well the relationship be-
tween two variables can be described using a monotonic func-
tion, performed on the unbinned data, yields a 99.8%(99.9%)
and 98.1%(99.3%) probability of a correlation of the PSB/all
(PSB/active) fraction with LX and σ respectively.
This result is in line with the findings of Poggianti et al.
(2009) for clusters in the EDisCS sample at z∼ 0.5 even if the
strength of the correlations for our sample is lower, (the Spear-
man test yields a 99.1% and 99.7% probability of a correlation
with the velocity dispersion of their PSB/all and PSB/active
fractions, respectively). In contrast, it is at odds with the anal-
ysis performed by Fritz et al. (2014) on the restricted WINGS
sample. These authors did not detect correlations with either
the velocity dispersion or the X-ray luminosity. Discrepancies
could be due to several reasons, such as the different selection
criteria for post-starburst galaxies (they did not use the infor-
mation on the Hα line), the different cut in magnitude, the
higher completeness or the larger area covered by our sample.
6. DISCUSSION
Exploiting the capabilities of the combined WINGS and
OmegaWINGS samples, in this paper we have investigated
the properties and the spatial distribution of galaxies that are
currently star-forming, that have recently interrupted their star
formation and that are already passive in clusters at 0.04< z<
0.07. Our main focus has been on PSB galaxies, to shed light
on the processes that induce galaxies to undergo this particu-
lar phase during their life.
PSB galaxies are characterized by intermediate physical
properties with respect to the EML and PAS galaxies, and are
thought to be in a transition phase between these two popu-
lations: both their median stellar mass and magnitudes are in
between the values found for the other two populations. As
expected given the fact that they have no ongoing star forma-
tion, PSB galaxies present colors similar to the PAS galaxies,
even though at faint magnitudes they can also be as blue as
the EML galaxies.
Almost half of the PSBs galaxies have been classified as
S0s, while the incidence of elliptical and late-type galaxies
depends on the strength of the measured EW of Hδ: consider-
ing all PSBs, the fraction of ellipitcals and late-types is sim-
ilar, considering only the sPSB, late-type galaxies dominate
the population.
The fraction of PSB galaxies decreases with increasing dis-
tance, suggesting that in the core of the clusters some mech-
anisms are inducing galaxy transitions. The same fraction
also depends on the cluster properties and it steadily increases
with increasing Lx and σ. Moreover, PSBs do not concentrate
as much in the low clustercentric distance-low velocity locus
of the phase-space as virialized galaxies do. This, together
with the fact that their velocity dispersion is quite interme-
diate between that of PAS and EML galaxies, especially for
the sPSB galaxies, could lead to the interpretation that PSBs
are a combination of galaxies with a mix of times-since in-
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FIG. 7.— Fraction of post-starburst galaxies as a function of the cluster X-ray luminosity (left) and velocity dispersion (right). Black points represent individual
clusters, red points give the fractions in 5 equally populated bins. Lower panels: weighted fraction of post-starburst galaxies among the whole population. Upper
panels:weighted fraction of post-starburst galaxies among the active population. Errors are binomial.
fall (backsplash + virialized). Ideally, one should define the
virial, infall and backsplash classes following the orbits of the
particles using cosmological simulation. This task is beyond
the scope of this work but will be addressed in forthcoming
papers.
6.1. Slow and fast quenching mechanisms in clusters
As found by Poggianti (2004), Tran et al. (2007), and
Muzzin et al. (2014), PSB galaxies have to be generated by
a fast acting mechanism, given that this phase can last ap-
proximately 1-1.5 Gyr. As already discusses in Sec.1, spec-
tra showing strong Balmer absorption lines and no emission
are the result of a precise combination of an old stellar pop-
ulation above which A-type stars signatures are well visible.
These stars, formed within the last Gyr, dominate the light
of a galaxy where a recent star formation activity has ended
abruptly and are visible for 1-1.5 Gyr (e.g. Poggianti 2004,
and references therein). Even though this is a quite efficient
channel to transform galaxies from star forming to passive, it
is definitely not the only one. E.g. Patel et al. (2009); Vul-
cani et al. (2010); Paccagnella et al. (2016) have found a
population of galaxies in transition on long time scales (few
Gyr) both in the local universe and at higher redshift (z < 1).
Adopting a different approach, following the infall and orbits
of galaxies in the vicinity of the 75 most massive clusters in
the Millennium cosmological simulation, also Haines et al.
(2015) support a slow quenching scenario, with a timescale
of the order of 0.7-2 Gyr.
Seeking for objects in transition from being star forming
to becoming passive, Paccagnella et al. (2016) analyzed
the SFR-M∗ relation of local cluster galaxies in a mass-
limited sample extracted from the WINGS+OmegaWINGS
sample. They identified a population of galaxies, called tran-
sition galaxies, located 1.5σ below the field SFR-M∗ relation,
whose star formation histories and properties suggest that they
have had a reduced SFR for the past 2-5 Gyr. At least above
the mass completeness limit, the fraction of transition galax-
ies strongly depends on environment, being almost negligible
outside the virial radius and rising towards the center, making
up for almost the 30% of star forming galaxies inside 0.6R200.
As concluded by the authors, these findings, together with the
estimated quenching time scale, are consistent with the hy-
pothesis that the interaction of galaxies with the intracluster
medium via strangulation causes a gradual shut down of star
formation.
We are now in the position of directly comparing the slow
quenching channel characterized by Paccagnella et al. (2016)
with the much faster one required to observe the typical post-
starburst signatures. To do so, we consider only galaxies
with stellar mass larger than the mass completeness limit of
109.8M used by Paccagnella et al. (2016). 346 PSB galax-
ies (650 once weighted for completeness) enter the sample,
of which only 32 (56) are sPSB. Above this limit, PSBs con-
stitute the 7.3±0.3% of the total population and all the envi-
ronmental dependencies found for the whole sample persist.
For comparison, above the same limit and the same cluster-
centric distance, 408 (780) galaxies have been classified by
Paccagnella et al. (2016) as in transition, and they consti-
tute 9.0±0.3% of the entire population. By definition, being
transition galaxies selected from the star forming population,
there is no object entering both samples.
Therefore transition galaxies are only slightly more numer-
ous than PSB galaxies. Starting from the logical assumption
that both populations have a common progenitor among star-
forming galaxies, and if we assume that the transition phase
lasts for about twice the time (of the order of >2 Gyr) of the
PSB visibility (∼1 Gyr), we conclude that the short timescale
star-formation “quenching” channel contributes at least two
times more than the long timescale one to the growth of the
passive population.
Figure 8 investigates in detail where these two populations
are found within the clusters. It shows the number of tran-
sition and PSB galaxies to the total number of galaxies, as a
function of clustercentric distance. As done by Paccagnella
et al. (2016), two different mass bins are considered here,
to also look for trends with stellar mass. For logM∗ < 10.5,
PSB and transition galaxies present a similar anticorrelation
between the fraction of PSB and transition objects and dis-
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FIG. 8.— Radial distribution of transition galaxies (black) as defined by Paccagnella et al. (2016) and of PSB galaxies (green), in two bins of stellar mass.
Errors are binomial.
tance, even though PSB galaxies show a slightly flatter trend,
being less numerous than transition galaxies in the core of the
clusters and slightly more numerous outside the virial radius.
For logM∗ > 10.5, at large clustercentric distances, both
populations present trends similar to those at lower masses,
but in the cluster cores they present a drop in number. Such
drop occurs only in the cluster cores for transition galaxies,
at r < 0.5R200 for PSBs. Overall, it might be primarily due
to the fact that in the cluster cores massive galaxies are al-
ready mostly passive, therefore the reservoir for transitioning
galaxies is poorer than at lower masses. In addition, the dif-
ferent behavior seen for the two populations could be due to
the visibility time-scales of the two populations, with PSBs
disappearing faster than transition galaxies on the way to the
cluster core.
As mentioned in §2, galaxies drawn from the WINGS sam-
ple (approximately all those located within 0.6 R200), have
been morphologically classified. We can therefore compare
the morphologies of PSB and transition galaxies in the core
of the clusters, to look for signs of a link between galaxy
morphology and time scale of quenching. We consider the
mass limited samples. Overall, among PSB galaxies, 40±2%
are ellipticals, 44±2% are S0s and the remaining 16±2% are
late-type galaxies. Transition galaxies have a much more nu-
merous population of S0s, with a remarkable 56±2% at the
expense of elliptical galaxies, accounting only for the 28±2%,
while 16±2% are late-types.
No strong trends of the morphological mix with distance
have been detected. However, we stress that here we are con-
sidering only galaxies in the core of the clusters, and we are
not attempting to extrapolate trends at larger distances, where
the morphological mix might be different. In addition, we re-
mind the reader that this analysis is performed above the mass
completeness limit of 109.8M and that this cut excludes the
vast majority of sPSB galaxies from our sample. This popula-
tion have been found to have a distinct morphology from the
whole population of PSB galaxies (see §5.1).
Studies regarding slow and fast quenching should necessar-
ily follow different approaches. As far as the post-starburst
population is concerned, due to the high precision clock im-
posed by A-type stars lifetime, there is a general agreement
on the time-scales involved (see Quintero et al. 2004; Pog-
gianti 2004; Poggianti et al. 2009; Muzzin et al. 2014; Vul-
cani et al. 2015, etc.) and, from these, different mechanisms
have been proposed. On the other hand, an hypothesis on the
physical processes causing the slow quenching of a galaxy
has to be made to estimate the time scales involved. Sev-
eral authors have tried to estimate the quenching timescales of
satellite galaxies through different approaches. Wetzel et al.
(2013) proposed a mass dependent "delay-then-rapid" sce-
nario in which star formation is quenched rapidly but only
after a delay of 2-4 Gyr after infall. As an alternative Taranu,
Dubinski & Yee (2013) presented models where quenching
occurs within a smaller radius, approximately 0.5R200, fol-
lowed by an exponential decline of star formation over 3-3.5
Gyr.
6.2. Specific processes responsible for the objects in
transitions in clusters
We found the majority of transition and PSB galaxies
within the virial radius. It seems clear from our results that
any of the proposed physical mechanisms (i.e. starvation or
ram pressure stripping), which alter the star formation of in-
falling galaxies, is stronger in the central regions of the clus-
ter, where the density and the temperature of the ICM (as well
as the velocity of galaxies) reach their maxima. By comparing
the cluster crossing times and the A-stars lifetime, we could
also imagine an evolutionary sequence in which some of the
PSBs (the low mass ones, as discussed in sect. 5.1) descend
from sPSB galaxies, i.e. the ram pressure starts being effec-
tive at larger distances, generating the population of sPSB,
while at smaller cluster-centric distances we only see the PSB
galaxies. However, the comparison of the radial trend of the
fractions of PSBs and transition galaxies does not allow to
definitely ascertain whether the two populations have a differ-
ent origin. Indeed, considering for example that ram pressure
stripping depends, among other things, on the orbit and on
the orientation of the galaxy with respect to the ICM (Abadi,
Post starburst galaxies in local clusters 13
Moore & Bower 1999), we can depict two different scenar-
ios in which star formation can either be suddenly shut down
(on timescales of the order of ∼1Gyr, Muzzin et al. 2014) or
gently and progressively depressed by ram-pressure stripping,
and therefore give origin to the two observed galaxy popula-
tions.
In the first scenario, the resulting quenched population is
expected to have PSB features, maintaining the original struc-
tural properties, since nothing apart from gas loss would dis-
turb its morphology. Recall that the quenching time scale
of PSB galaxies is imposed by A-type stars lifetime. In the
second scenario, ram-pressure stripping might be the main
responsible also for the transition population presented in
Paccagnella et al. (2016). Nonetheless, the same population
could originate also via strangulation, consistent with a grad-
ual quenching corresponding to an exponential time scale of
a 2 Gyr or more. Indeed, strangulation is expected to have the
effect of removing the outer galaxy gas halo and prevent fur-
ther infall of gas into the disk. On timescales of few Gyr, the
star formation would thus exhaust the available gas, quench-
ing the star formation activity.
In addition to ram-pressure stripping and strangulation,
other mechanisms might play a role, even though they most
likely take place at larger distances form the cluster center.
As discussed for example by Treu et al. (2003) and re-
viewed by Boselli & Gavazzi (2006), quenching from grav-
itational interaction between galaxies (i.e. galaxy-galaxy in-
teractions, harassment) occurs preferentially outside the virial
radius, given the high velocity dispersions in the cluster cores
that remarkably reduce the probability of pair interactions,
with timescales of the order of some 1010 yr. Moreover, these
interactions act on the stellar component, producing selective
morphological transformations that we do not observe in the
transition or PSB populations.
We emphasize that this does not mean that galaxy-galaxy
interactions have no effect at all on cluster galaxies. These
processes might eventually become important, but generally
after the gas has been removed by other processes.
7. SUMMARY AND CONCLUSIONS
In this work we have resorted to an observed magnitude
limited sample of galaxies in clusters drawn from the WIde-
field Nearby Galaxy-cluster Survey (WINGS) (Fasano et al.
2006; Moretti et al. 2014), and OmegaWINGS surveys (Gul-
lieuszik et al. 2015; Moretti et al. 2017) to investigate the
occurrence and the properties of galaxies of different types
in 32 clusters at 0.04 < z < 0.07. We classified the galax-
ies according to the different features detected in their spec-
tra (presence/absence of OII, OIII, Hδ and Hα) into passive
(PAS), post starburst (PSB) and emission line (EML) galax-
ies. We have compared stellar population properties and loca-
tion within the clusters of the different spectral types to obtain
valuable insights on the physical processes responsible for the
star formation quenching.
The main results can be summarized as follows.
• For V < 20, PAS represent 55.7± 0.4% of the clus-
ter population within 1.2 virial radii, EML represent
37.0±0.4% and PSBs 7.3±0.2%, 15% of which show
strong Hδ in absorption (>6, sPSB), indication of either
a very recent quenching and/or of a strong burst before
quenching.
• PSBs have stellar masses, magnitudes, colors and mor-
phologies intermediate between PAS and EML galax-
ies, typical of a population in transition from being star
forming to passive. Interestingly, 45% of PSBs have S0
morphology, 28± 1% are ellipticals and 27± 1% are
late types. Considering only sPSBs, the incidence of
late-types increases to 42± 4% with a corresponding
drops of ellipitcals, which are only 17±3%.
• The incidence of PSBs slightly increases from the clus-
ter outskirts toward the cluster center and from the least
toward the most luminous and massive clusters, defined
in terms of LX and velocity dispersion.
• The dynamical state of the clusters partially influences
the incidence of PSBs. While the presence of substruc-
tures does not enhance the fraction of PSBs, the level
of relaxation does: the fraction of PSBs is higher in re-
laxed clusters. At least part of this trend is due to the
correlation between PSB fraction and LX .
• The phase space analysis and the velocity dispersion
profiles suggest that PSBs represent a combination of
galaxies with different accretion histories. Moreover,
the PSBs with the strongest Hδ are consistent with be-
ing recently accreted.
PSBs are thought to be galaxies generated by fast acting
mechanisms and this phase is expected to last approximately
1-1.5 Gyr (e.g. Poggianti 2004; Muzzin et al. 2014). Our
analysis suggests that as a galaxy is accreted onto a cluster,
at first its properties are not strongly affected, but when it ap-
proaches the virialized region of the cluster, processes like
ram pressure stripping or other interactions induce either a
burst of the star formation with a subsequent fast quenching,
or simply a fast quenching. As the shut off of the star for-
mation occurs, the galaxy changes the features in its spec-
trum, but variations in color and morphology require longer
time scales, therefore PSBs appear with a wide range of these
properties. It is important to stress that the majority of those
galaxies that are truncated on a short timescale cannot be rec-
ognized based on color or color+morphology, but only by per-
forming a detailed spectral analysis.
The fraction of PSBs is similar to the fraction of galaxies in
transition on longer timescales, as defined by Paccagnella et
al. (2016), suggesting that the short timescale star-formation
quenching channel, lasting less than half the timescale re-
quired to slowly quench star formation, contributes two times
more than the long timescale one to the growth of the pas-
sive population, therefore processes like ram pressure strip-
ping and interactions are more efficient than strangulation in
affecting star formation, at least in clusters.
In other environments, the fraction of PSB galaxies and the
processes responsible for its existence might be considerably
different. Vulcani et al. (2015) have found hints of an en-
hanced fraction of PSB galaxies in groups compared to iso-
lated and binary systems, but a complete characterization of
the physical processes is still missing. In a forthcoming paper
(Paccagnella et al. in prep.), we will characterize the inci-
dence of post starburst galaxies in the different environments,
contrasting the properties of galaxies in clusters, groups, bi-
nary systems and isolated galaxies, to build a complete picture
of the assembly of this population.
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